A systematic angle-resolved photoemission study of the electronic structure of La 2−x Sr x CuO 4 in a wide doping range is presented in this paper. In addition to the main energy band, we observed a weaker additional band, the (π, π ) folded band, which shows unusual doping dependence. The appearance of the folded band suggests that a Fermi surface reconstruction is doping dependent and could already occur at zero magnetic field.
Introduction
Since the discovery of high-temperature cuprate superconductors, the study of the Fermi surface (FS) and its low-energy quasi-particle excitations has attracted much attention [1, 2] . This is because information on low-energy excitations near the FS is essential for understanding the unusual doping dependence of physical properties in cuprates and how high-temperature superconductivity emerges from a doped Mott insulator. The FS is a fundamental property in the normal 'metallic' state of solids. It is composed of the set of points in momentum (k-) space describing gapless electronic excitations and differentiating filled from unfilled states. The FS can be measured by angle-resolved photoemission spectroscopy (ARPES), which probes electronic excitations as a function of momentum and energy. The shape and size of the FS can also be inferred from quantum oscillation measurements. While both techniques have confirmed the existence of a large FS in overdoped cuprates [3, 4] , they give topologically different FSs in underdoped materials. Quantum oscillation experiments reveal the existence of an FS comprising small (multiple) pockets [5, 6] . By contrast, photoemission experiments on underdoped cuprates instead reveal either disconnected gapless 'Fermi arcs' in the near nodal region [7, 8] or the coexistence of Fermi arcs and hole-like Fermi pockets [9] , but the electron-like pocket suggested by a combination of quantum oscillation and Hall coefficient experiments [10] was not observed. An intriguing question is how to reconcile the different observations in these two types of measurements. FS reconstruction caused by the magneticfield-induced superstructure [11, 12] as well as spin and charge modulation in the striped state [13] has been postulated to account for the small FS pockets inferred from quantum oscillations. In this paper, we present a comprehensive ARPES study of the electronic structure of La 2−x Sr x CuO 4 (LSCO) in a wide doping range, from non-superconducting insulating samples to highly doped superconducting ones. We show that while the main FS changes monotonically with adding more charge carriers to the system, a folded band that resembles a copy of the main band but shifted by (π, π ) has unusual doping dependence. The appearance of the folded band suggests that an FS reconstruction could already occur at zero magnetic field and at low temperatures.
Angle-resolved photoemission spectroscopy (ARPES) measurements
ARPES experiments were carried out at the Surface and Interface Spectroscopy beamline at the Swiss Light Source on single crystals of LSCO with x = 0.03, 0.08, 0.12, 0.14, 0.17 and 0.22. The crystals were grown in traveling solvent floating zone furnaces. All samples were characterized by x-ray diffraction, and their superconducting transitions were determined by magnetization measurements. Circularly polarized light with a photon energy hν = 55 eV was used in order to maximize the signal. The spectra were recorded with Scienta SES-2002 and R4000 analyzers. The energy and angle resolutions were ∼17 meV and 0.1-0.15
• , respectively. The Fermi level was determined by obtaining photoemission spectra from polycrystalline copper on the sample holder. The samples were cleaved in situ by using a specially designed cleaver [14] . Low-energy electron diffraction (LEED) analysis of the cleaved samples shows a clear (1 × 1) pattern with no sign of surface reconstruction. During the measurements, the base pressure was less than 5 × 10 −11 mbar at T < 40 K and 2 × 10 −10 mbar at T ∼ 150 K, respectively. respectively) and at T = 20 K for the non-superconducting sample (x = 0.03). The intensity maps (figures 1(a)-(d)) were constructed by reflection into the first BZ, using interpolation to a uniform grid and integrating the spectral weight in an energy window of 10 meV width centered at the E F . The bright areas correspond to high intensity and represent the underlying FS-the minimum gap locus of the main band (the left band in figure 1(e)). The peak positions of the momentum distribution curves (MDCs) at zero binding energy are indicated by closed circles. These FSs are consistent with the observation in early studies [15] . The overdoped sample (x = 0.22) displays an electron-like [16] FS. Upon underdoping FS topology changes from an electron-like pocket centered at the point to a hole-like pocket centered at the (π, π) point, and by counting the number of holes per Cu atom the volume of FS decreases (figure 1(f)). A careful inspection of the spectra reveals that the topology of the FSs changes at a doping between x = 0.17 and x = 0.22. In figure 2 , we plot ARPES spectra in the vicinity of (0, π). For dopings up to x = 0.17, the bottom of the energy band, located at (0, π ), lies below the E F , which means that the FS is hole-like. This is in contrast to the observation for the x = 0.22 sample, for which the bottom of the band becomes occupied only when the momentum cuts move away from the (0, π ) point. This is clear evidence that the FS closes before reaching the zone boundary, i.e. electron-like.
ARPES results

Fermi surface (FS) of La
We have investigated whether k f changes with temperature for the most underdoped superconducting sample (x = 0.08). energy along two cuts that intersect with the underlying FS from near the node to near the anti-node. The well-defined MDC peak positions, from which the k f were determined, remain unchanged at different temperatures, as is indicated by the vertical lines. This implies that the underlying FS in the superconducting state is the same as that at temperatures much higher than the superconducting transition temperature T c .
The (π, π) folded band and its FS of the highly underdoped samples
The presence of shadow bands in the cuprate superconductors is a well-known phenomenon for both Bi-and La-based compounds [17] [18] [19] . We have previously correlated the existence of a (π, π ) folded shadow band in La 2−x Sr x CuO and La 2−x−y Nd y Sr x CuO 4 samples, close to the socalled 1/8-anomaly [20] . Such a folded band resembles the shadow band of Bi-based cuprates, but for LSCO a stronger doping dependence has been reported [21] .
Here, we have observed the (π, π ) folded band in the ARPES spectra of LSCO. The appearance of the folded band depends on the doping values of the samples. For the highly overdoped sample (x = 0.22), we have only observed the main band, with the corresponding FS being electron-like. The (π, π) folded band first appears in the ARPES spectra of LSCO with x = 0.12. Figures 4(a)-(f) show the spectra taken from the La 1.88 Sr 0.12 CuO 4 sample along selected momentum cuts indicated in figure 4(g). Data were acquired in the second BZ but are presented in the first BZ, for convenience. The k f of the folded band are symmetric to that of the main band about the (π, π ) BZ boundary, i.e. they lie on a curve that copies the main FS but shifted by q = (π, π ). Such a (π, π) folded band has also been observed in the superconducting sample with lower doping (x = 0.08) (see figure 5) . The k f of the folded band can be traced to near the 'hot spot'-the intersection between the FS of the main band and the (π, π) BZ boundary. From double Lorentzian fits we obtain similar MDC widths, as a function of energy, for the main and the folded bands (figures 5(h)-(i)). The FSs of the main and the folded bands form an enclosed loop that resembles a hole-like Fermi pocket in the nodal region. We have carried out measurements along cuts in different directions in the first, second and third BZs, but we did not find the (π, π) folded band in the region where the main band is occupied. The appearance of the (π, π) folded band depends on the doping. In the non-superconducting sample (x = 0.03), the folded band was not observed in our measurements; either it does not exist or it is too weak to be observed. 
Discussion
While the FS of the main band changes systematically with doping values, the appearance of the (π, π ) folded band shows unusual doping dependence. On increasing x to add more holes to the parent compound, the hole-like FS of the main band encloses an increasingly large area and eventually it becomes an electron-like FS, centered at the point. The evolution of the FS with doping is consistent with that observed in other cuprates [22, 23] by ARPES and with previous studies of LSCO [15] . In contrast to the monotonic change of the main band with doping, the folded band appears at a limited doping range.
It is difficult to explain the appearance of the (π, π ) folded band (figures 4 and 5) at dopings below the 1/8-anomaly with the interpretation of the shadow band in Bi-based cuprates, which was proven as due to orthorhombic distortions of the crystal structure from tetragonality [24] . The arguments are: (a) LSCO has an orthorhombic lattice structure at low temperatures for x < 0.21 [25] , but the appearance of the (π, π) folded band has a clear onset at x 1/8, and above this doping the (π, π) folded band was not observed; (b) at low temperatures the (π, π) folded band was also observed near the 1/8-anomaly in La 1.48 Nd 0.4 Sr 0.12 CuO 4 that has the lowtemperature tetragonal structure, and it is insensitive to the transition from the low-temperature tetragonal structure to the low-temperature orthorhombic structure [20] . When the FS topology changes a so-called electronic topological transition (ETT) [26, 27] might occur, which would favor the formation of a charge or spin density wave instability [28] and could result in the appearance of the (π, π) folded band. However, the topology of the FSs changes at a doping between x = 0.17 and x = 0.22 that is far from the onset of the (π, π) folded band at x 1/8. Near the 1/8-anomaly a wide variety of magnetic phenomena have been observed in La-based cuprates. However, it is not easy to reconcile those phenomena with the appearance of the (π, π) folded band because the corresponding orderings are different from q = (π, π) [29] - [31] . For example, for the anti-phase striped state the q vectors corresponding to the spin and charge patterns are (3π/4, π) and (π/2, 0), respectively [13] . The appearance of the (π, π) folded band suggests a unit cell doubling. In this regard, the (π, π) folded band would conform to the back folding of the main band about the new zone boundaries, the (±π, 0)-(0, ±π ) lines. In terms of the location, the hole-like Fermi pocket enclosed by the main and (π, π) folded FSs would be consistent with that predicted from d-density wave (DDW) [32] . In the DDW 'hidden order' scenario, there is no net charge modulation, which would be compatible with the LEED patterns that do not show a supermodulation of charge with the appearance of the (π, π) folded band (figure 6). However, one obvious discrepancy is that DDW predicts a vanished spectral weight of the folded band near the zone diagonal, which is in disagreement with our measurements (figures 4 and 5) .
Regardless of the exact origin of the (π, π) folded band, it is interesting to note that this folded band in our measurements appears in the superconducting samples that have doping values within the range at which multiple Fermi pockets are observed in YBa 2 Cu 3 O 6+x in quantum oscillation measurements. To account for the different observations of ARPES and quantum oscillation measurements in underdoped cuprates, various scenarios of an FS reconstruction have been proposed. Field-induced spin modulation [12] , DDW [32] and striped state [13] have been invoked for the formation of the multiple Fermi pockets. The appearance of the (π, π) folded band and its similar MDC width compared to the main band (figures 6(h)-(i)) suggest that an FS reconstruction could already occur at zero magnetic field and at low temperatures, thus offering an additional possibility for explaining the multiple Fermi pockets. Indeed, a 'hole-like' pocket located near (π/2, π/2) with an enclosed area approximately corresponding to the hole concentration of the sample was inferred from the oscillation frequency of about 1600 Tesla in a recent quantum oscillation measurement [33] on YBa 2 Cu 3 O 6+x , which would be consistent with the hole-like pocket enclosed by the main band and its (π, π) folding. However, the small electron-like pocket(s) deduced from the lower frequencies in quantum oscillations was not identified in our present ARPES measurements. The (π, π) folded band was observed in the region of k-space where the main band is unoccupied, but not in the occupied part. In the case of the (π, π) band folding, an electron-like pocket is expected to occur at the anti-nodal region. Because the folded band is much weaker than the main band, it may be buried in the large spectral weight of the main band, especially in the anti-nodal region where the energy band is very shallow and flat (figure 2). It is therefore worth further exploring the details of the folded band by using different experimental settings (photon energy, polarization of light and the geometry of the measurement), aiming to maximize the intensity ratio between the folded band and the main band.
Summary
We have performed a systematic study of the electronic structure of LSCO by ARPES. In addition to the main band that changes monotonically with doping, we show that the band folding has unusual doping dependence. For superconducting samples with doping levels below the 1/8-anomaly, a (π, π) folded band was observed, which disappears at higher doping (x = 0.14). This wavevector suggests a unit cell doubling. The appearance of the (π, π) folded band both at zero magnetic field and at low temperatures offers an additional possibility for the understanding of multiple Fermi pockets that were observed in quantum oscillation measurements in a similar doping range.
